Interfacial phase and microstructure, solder hardness, and joint strength of Sn-3.5Ag-X (X ‫ס‬ Cu, In, Ni; compositions are all in wt% unless specified otherwise) solder alloys were investigated. Considering the melting behavior and the mechanical properties, five compositions of Sn-3.5Ag-X solder alloys were selected. To examine the joint characteristics, they were soldered on under bump metallurgy isothermally at 250°C for 60 s. Aging and thermal cycling (T/C) were also performed on the solder joint. The interfacial microstructure of the joint was observed by scanning electron microscopy. X-ray diffraction and energy dispersive x-ray analyses were made to identify the type of solder phase and to measure compositions. Excessive growth of an interfacial intermetallic layer in the Sn-3.5Ag-6.5 In solder joint led to a brittle fracture. In the other four solder joints, ductile fractures occurred through the solder region and the solder hardness was closely related with the joint strength.
I. INTRODUCTION
Lead-free soldering is a global trend in microelectronics packaging due to environmental and public health concerns. [1] [2] [3] In general, high-tin alloys are preferred as lead-free solder alloys. They include Sn-Ag, Sn-Cu, SnAg-Cu, Sn-Ag-Bi, Sn-Ag-In, and these alloys with small additions of other alloying elements such as Sb. [4] [5] [6] Most candidates for lead-free solder alloys are based on eutectic Sn-3.5Ag solder, and an additional element is added to enhance the properties of the Sn-3.5Ag solder, namely, to decrease the high melting temperature of 221°C and to improve wetting properties. The effects of the addition of various elements to Sn-3.5Ag have been widely studied. [7] [8] [9] [10] Phase equilibria studies of Sn-3.5Ag-based alloys through thermodynamic calculations have been reported. 11, 12 Kariya and Otsuka 13 studied the effect of the addition of Bi, Cu, In, and Zn to Sn-3.5Ag solder. They reported that these additions lowered the liquidus temperature and improved the tensile strength, and the fatigue life decreased slightly when Cu, In, and Zn were added, while decreasing abruptly when Bi was added. Yoon et al. 14 studied the interfacial phenomena and the reliability of the ternary and quaternary systems based on the Sn-3.5Ag solder alloy.
In this work, ternary Sn-3.5Ag-X (X ‫ס‬ Cu, In, Ni) solder systems and their joints are studied. Indium was selected to lower the melting temperature of Sn-3.5Ag. Copper and nickel were alloyed to improve the interfacial properties of the solder joint. The exact solder compositions are determined through phase equilibria calculations. The interfacial phase and microstructure, the solder hardness, and the joint strength after soldering, aging, and T/C are investigated with an emphasis on the relationship between the solder joint characteristics and the joint strength.
II. EXPERIMENTAL PROCEDURES
Solder alloys were prepared from pure elements of purity higher than 99.9%. They were encapsulated under vacuum in quartz tubes, melted, and held at 800°C for 30 min for mechanical mixing. As-cast alloys were fabricated into ball shapes using a laboratory-based ball manufacturing apparatus. The average diameter of the solder balls was 0.5 mm (±0.01 mm). The under bump metallurgy (UBM) system was composed of Cu/ electroless plated Ni/evaporated Au layers on a FR4 printed circuit board. The Ni and Au layers were 4-and 0.6-m-thick, respectively. Soldering was performed in a molten state isothermally at 250 ± 2°C for 60 s using rosin mildly activated flux followed by cooling on the aluminum block in air. Aging treatment was done at 130°C for 400 h.
To observe the interfacial microstructure, each solder joint was vertically cut and cold mounted. They were then polished through a 1-m diamond. To clearly observe the morphology of the IM at the interface, the solder matrix was etched away by using a 5%HNO 3 -3% HCl-92%CH 3 OH solution for several seconds. The interface was examined using a back-scattered (BS) scanning electron microscopy (SEM) operated at 25 kV, and the atomic compositions of the interfacial intermetallic (IM) were measured by energy dispersive x-ray spectroscopy (EDX) (EDAX DX-4 PhiZAF System version 2.11) (EDAX, Inc., Tokyo, Japan) operated at 20 kV. The spatial resolution was approximately a 1-m diameter area around the target point, and the compositions were determined by an average of 10 point measurements.
The Vickers hardness of the solder region in the joint was obtained for the jointed specimen after soldering and a T/C test. The load applied was 100 g. The T/C test was performed in a temperature range between −65 and 150°C for 100 cycles repeated in air atmosphere. Both the heating rate and the cooling rate were 43°C/min, and dwell times at extreme temperatures were 10 min each, which is equivalent to 2 cycles/h. The solder joint strength was measured using a Dage 2400 (Dage Precision Industries, Buckinghamshire, UK) ball shear tester. The jig speed was 100 m/s, and the jig height was 10 m from the bottom.
III. RESULTS

A. Phase equilibria and alloy design
To determine the optimum solder composition, the phase diagram of each solder system was calculated. Figure 1 shows the calculated phase diagrams of the Sn-3.5Ag-X (X ‫ס‬ In, Cu, Ni) systems using a Thermo-Calc program. 15 Table I lists the references [16] [17] [18] [19] [20] [21] [22] of the thermodynamic description and parameters of binary systems used in this study. All the ternary systems were extrapolated from three binary systems. As the In content increases, the liquidus temperature decreases in Fig. 1(a) . In a previous work, 23 it was found that In addition to Sn-3.5Ag resulted in a decrease of hardness and an increase of the thermal stability of the solder alloy. In addition, Kariya and Otsuka 13 reported that In addition might be limited due to the deterioration of mechanical properties. In this way, the Sn-3.5Ag-6.5In solder with a liquidus temperature of 210°C was selected. According to Fig. 1(b) , the liquidus temperature drops below 221°C as the Cu contents increase to 0.9%; however, when the Cu content increases higher than 0.9%, the liquidus temperature increases quickly. The Sn-3.5Ag-(0-1.0)Cu system has a similar liquidus temperature of 219 ± 2°C. Park et al. 24 showed that a solder alloy with a liquidus temperature higher than the reflow temperature might be used in the reflow process. Thus, the three compositions of Sn-3.5Ag-0.5Cu, Sn-3.5Ag-1.0Cu, and Sn-3.5Ag-1.5Cu were selected in this study. Finally, in the Sn-3.5Ag-Ni system, even a small addition of Ni makes the liquidus temperature rise steeply, as seen in Fig. 1(c) . Therefore, only a little amount of Ni can be added. Since the phase equilibria state of this system is very simple, phase change would occur little during reflow and service. In this work, the amount of the Ni addition was chosen as 0.5%. The Sn-3.5Ag-0.5Ni system had a liquidus temperature of 383°C.
Through phase diagram calculations, five solder systems, Sn-3.5Ag-6.5 In, Sn-3.5Ag-0.5Cu, Sn-3.5Ag-1.0 Cu, Sn-3.5Ag-1.5Cu, and Sn-3.5Ag-0.5Ni, were selected as candidates for Pb-free solders. The phases of the five solder alloys present at room temperature were analyzed using a x-ray diffraction (XRD) method. Figure 2 shows the XRD patterns. The body-centered tetragonal (bct) ␤-Sn and AgIn-␥ phases were detected in Sn-3.5Ag-(0.5-1.5) Cu and ␤-Sn, Ag 3 Sn, and Ni 3 Sn 4 phases were found in Sn-3.5Ag-0.5 Ni. These results agreed well with the calculated phase diagrams of Fig. 1 . All the ternary systems are extrapolated from binary thermodynamic descriptions.
FIG. 1. Calculated isopleth phase diagrams of (a) Sn-3.5Ag-In, (b) Sn-3.5Ag-Cu, and (c) Sn-3.5Ag-Ni. Figure 3 shows SEM micrographs of the solder joints after soldering at 250°C for 60 s. Atomic compositions of the IM at the interface are recorded in Table 2 . In the Sn-3.5Ag-6.5In solder joint, AgIn-␥ and Au-In phases are observed in the solder region near the interface, according to Fig. 3(a) . The Au-In phase must have formed by the reaction between In of the solder and Au of the UBM. The IM thickness of this joint is larger than those of other solder joints. It is composed of Sn, Ni, and In elements and close to Ni 3 Sn 4 in composition. In the Sn-3.5Ag-0.5Cu solder joint, an IM layer of the Sn-Cu-Ni phase is observed. IMs having similar compositions were also found by several other researchers. 6, 14, 25 In both Sn-3.5Ag-1.0Cu and Sn-3.5Ag-1.5Cu systems, Ag 3 Sn particles with a long rod shape were found near the interface, which was also observed previously by Frear. 26 The long rod-type Ag 3 Sn phase seemed to nucleate and grow from the interfacial IM. Thus, most Ag was depleted from the solder to form Ag 3 Sn. In Fig. 3(d) , it was observed that the -Cu 6 Sn 5 particles in the solder were segregated near the interface. According to Table II, the IM phase has more Cu elements as the Cu content in the solder increases, and in the Sn-3.5Ag-1.5Cu system, it is close to -Cu 6 Sn 5 . In the Sn-3.5Ag-0.5Ni system, an IM layer with a very small thickness formed and Ni 3 Sn 4 particles were observed close to the interface. The interfacial IM was also identified as Ni 3 Sn 4 .
B. Interfacial microstructure after soldering
C. Interfacial microstructure after aging SEM micrographs of the solder joints after aging at 130°C for 400 h are shown in Fig. 4 . The atomic compositions of the interfacial IMs are listed in Table III intermetallic layer looks planar after aging compared to after soldering as in a study by Yang et al. 27 In Sn-3.5Ag-6.5In, the IM layer grew much faster than in the other solder joints. In the Sn-3.5Ag-0.5Cu system, the thickness of the IM layer increased a little. In Sn-3.5Ag-1.0Cu, -Cu 6 Sn 5 particles were observable in the solder region. In the Sn-3.5Ag-1.5 Cu system, the thickness of the IM layer increased largely. This was because the -Cu 6 Sn 5 particles segregated to the interface in soldering and they were seemingly connected with the growing interfacial IM. In the Sn-3.5Ag-0.5Ni system, the interfacial IM grew most slowly. In this case, the IM had a higher Cu content than before aging. Cu must have come from the Cu layer below the Ni layer during aging. Figure 5 shows SEM micrographs of interfaces of the solder joints after a T/C test in a temperature range between −65 and 150°C for 100 cycles. In the Sn-3.5Ag-6.5 In system, the interfacial IM layer became very thick. In the Sn-3.5Ag-0.5Cu, Sn-3.5Ag-1.0Cu, and Sn-3.5Ag-0.5Ni systems, the interfacial microstructures are similar to those after aging. In Sn-3.5Ag-1.5Cu, the segregated IMs in the bulk were not connected with the growing interfacial Im and were distributed near the interface. Overall, the intermetallic layer became planar, which is consistent with a previous work on similar systems. 28 The atomic compositions of the interfacial IMs are listed in Table IV . In Sn-3.5Ag-1.5Cu, only Sn-CuIM formed above the Ni layer, thereby forming a Cu layer/Ni layer/Sn-Cu IM/Sn-3.5Ag-1.5Cu solder starting from the bottom. In the Sn-3.5Ag-0.5Ni system, it was found that Sn-Cu-Ni IM formed on the Sn-Ni IM. The interfacial layer was composed of Cu/Ni/Sn-Ni IM/Sn-CuNi IM/Sn-3.5Ag-0.5Ni solder starting from the bottom. This result is hard to explain by the diffusion path. Figure 6 shows the change of interfacial IM thickness after soldering, aging, and the T/C test. As already seen from the SEM micrographs, the IM thickness of the Sn-3.5Ag-6.5In solder joint is largest, irrespective of heat treatment. It increased more after aging and even more after T/C. In the Sn-3.5Ag-1.5Cu system, -Cu 6 Sn 5 particles distributed near the interface were connected with the interfacial IM during aging; thus, the IM thickness increased greatly. In the other solder joints, growth of the IM was smaller. The IM thickness is smallest in the Sn-3.5Ag-0.5Ni system. The reason for the excessive growth of the interfacial IM in Sn-3.5Ag-6.5In is not clearly understood at present. According to diffusion theory 29 the activation energy for self-diffusion is roughly proportional to the equilibrium melting temperature of the diffusing species and the melting temperature of indium is much lower than that of copper or nickel. As a result the diffusivity of indium can be projected higher than that of copper or nickel, which may have accelerated growth kinetics of the intermetallic layer. The larger concentration gradient for indium might have played an additional role.
D. Interfacial microstructure after T/C test
E. Growth behavior of interfacial IM
F. Solder joint strength
The solder joint strength was measured by a ball shear test. Figure 7 shows the test results after soldering and after T/C. In the as-soldered state, the joint strength is largest for the Sn-3.5Ag-1.0Cu solder joint while the Sn-3.5Ag-6.5In solder joint has the smallest joint strength. Especially, the joint strength of the Sn-3.5Ag-6.5In system is quite low compared with the other four solder joints. After the T/C test, the shear strength of most joints decreased with the exception of the Sn-3.5Ag-0.5Cu system, which showed a slight increase. In Sn-3.5Ag-0.5Ni, it did not change. Figure 8 shows SEM micrographs of fractured surfaces in the joint after soldering by the ball shear test. In the Sn-3.5Ag-6.5In system only, the fracture occurred through the interfacial IM according to EDX analyses, while ductile fractures occurred through the solder region in the other solder joints. Figure 9 shows SEM micrographs of the fractured surface in the solder joint after T/C by the ball shear test. The fracture surface of the Sn-3.5Ag-6.5In solder joint showed the brittle nature of the IM, which implied that the fracture occurred through the brittle IM layer. The others were fractured through the solder region.
IV. DISCUSSION
A. Segregation of bulk IM near interface
In Fig. 3(d) , it was observed that the -Cu 6 Sn 5 particles in the solder region segregated to the interface. Because they are connected with the growing interfacial IM during aging and it increases the total IM thickness, it may deteriorate the interfacial properties. Thus, it is necessary to find if segregation can be prevented. The   FIG. 8 . BS-SEM micrographs of the fractured surface in the joint after soldering by the ball shear test: (a) Sn-3.5Ag-6.5In; (b) Sn-3.5Ag-0.5Cu; (c) Sn-3.5Ag-1.0Cu; (d) Sn-3.5Ag-1.5Cu; (e) Sn-3.5Ag-0.5Ni. segregated -Cu 6 Sn 5 particles seem to come from the liquid solder during the soldering processing. According to Fig. 1(b) , the Sn-3.5Ag-1.5Cu system has both liquid and -Cu 6 Sn 5 phases at a soldering temperature of 250°C and the volume fraction of the -Cu 6 Sn 5 phase is about 2%. The density of the -Cu 6 Sn 5 phase, 8.28 g/cm 3 , 30 is larger than that of the Sn-3.5Ag solder, 7.29 g/cm 3 , 31 at room temperature. Thus, it is possible for the -Cu 6 Sn 5 particles to sink to the interface during or after soldering. However, if the soldering time is short or the cooling rate is faster, it may not sink down to the interface. To confirm this, the joints were cooled down with different rates of air cooling and cooling in ethanol solution after soldering. In this case, to emphasize the effect of different cooling rates, Sn-3.5Ag-1.5Cu solder balls with a 760-m diameter were used. Figure 10 shows SEM micrographs of solder joint that was cooled down with both rates after soldering. It was observed that many particles of the -Cu 6 Sn 5 phase were segregated to the interface in air cooling while they were distributed uniformly throughout the solder region in ethanol cooling. The uniform distribution resulted from the insufficient time to sink in fast ethanol cooling. As a result, it was verified that the -Cu 6 Sn 5 particles segregated near the interface came from the liquid solder and the segregation could be avoided by controlling the cooling rate after soldering.
B. Relationship between fracture and joint characteristics
Whether the fracture occurs through interfacial IM or solder is determined by two factors. One is where the stress is concentrated. Another is the joint characteristic, such as IM thickness and solder hardness. Generally, in a Pb-Sn solder joint, ductile fractures occur because of ductility of the solder itself. 32, 33 However, fractures in the Sn-3.5Ag-based solder joint may occur through the FIG. 9 . BS-SEM micrographs of the fractured surface in the joint after T/C by the ball shear test: (a) Sn-3.5Ag-6.5In; (b) Sn-3.5Ag-0.5Cu; (c) Sn-3.5Ag-1.0Cu; (d) Sn-3.5Ag-1.5Cu; (e) Sn-3.5Ag-0.5Ni.
solder of the interface depending on the IM thickness, because the Sn-3.5Ag solder is classified as a hard solder. 32, 33 Then, the IM plays an important role. In the case of the Sn-3.5Ag-6.5In system, a fracture occurred through the IM. Considering that the hardness of Sn-3.5Ag-6.5In is similar to that of Sn-3.5Ag 23 and the fracture behavior in this ternary system is different from the others in this study, it is likely that the IM thickness mainly affects the joint strength. The excessive growth of IM shown in Fig. 6 provided the mechanical weakness of the joint as seen in Fig. 7 , and thus, the fracture occurred through the IM. This reasoning agreed quite well with observations of Figs. 8 and 9. However, due to limited data on IM thickness versus brittle fracture, a quantitative analysis in terms of measuring a critical thickness was not made successful.
In the other solder joint systems, except for the Sn-3.5Ag -6.5In system, frctures occurred through the solder region. In these cases, the values of the joint strength are relatively large and differ with the type of solder alloy although the fracture site is the same. It seems that the joint strength is affected by the solder characteristic when a ductile fracture occurs. Coyle et al. 34 reported the joint strength was closely related with the microstructure and the hardness value of the bulk solder specimen. In this study, Vickers hardness tests were carried out in the solder region of the joint after soldering and thermal cycling (T/C). Figure 11 shows the variation of the Vickers hardness values. The tendency of variation in the solder hardness is similar to that of the joint strength in Fig. 7 . After soldering, the Sn-3.5Ag-1.0Cu solder retained the highest hardness value and the shear stress at the joint was also largest, as seen in Fig. 7 . After T/C, the Sn-3.5Ag-1.5Cu solder had the smallest hardness value and its joint also retained the lowest joint strength. The joint strength that is important in controlling the type of fracture is closely related with the hardness value of the solder region.
V. SUMMARY
Through phase equilibria calculations, five solder compositions, Sn-3.5Ag-6.5In, Sn-3.5Ag-0.5Cu, Sn-3.5Ag-1.0Cu, Sn-3.5Ag-1.5Cu, and Sn-3.5Ag-0.5Ni, were chosen. The thickness of the IM was largest in Sn-3.5Ag-6.5 In irrespective of soldering, aging, or T/C. The joint strength of this system was lowest due to the excessive growth of IM, and in turn the IM provided a site for brittle fracture. In the Sn-3.5Ag-1.5Cu system, the -Cu 6 Sn 5 particles in the solder region moved to the interface due to gravity during soldering and they were seemingly attached to the interfacial IM. This segregation was avoided by changing the cooling rate after soldering. When the thickness of the interfacial IM is not large, the joint strength is high and ductile fractures occurred through the solder region. The joint strength is closely related with the hardness value of the solder region of the joint.
